The monoterpene ketone l-menthone is specifically converted to I-menthol and I-menthyl acetate and to d-neomenthol and d-neomenthyl-f8-nglucoside in mature peppermint (Mentha piperita L. cv. Black Mitcham) leaves. The selectivity of product formation results from compartmentation of the menthol dehydrogenase with the acetyl transferase and that of the neomenthol dehydrogenase with the glucosyl transferase. Soluble enzyme preparations, but not particulate preparations, from mature peppermint leaves catalyzed the NADPH-dependent reduction of 1-menthone to both epimeric alcohols, and the two dehydrogenases responsible for these stereospecific transformations were resolved by affinity chromatography on Mitrex Gel Red A. Both enzymes have a molecular weight of approximately 35,000, possess a Km for NADPH of about 2 x 10' M, are very sensitive to inhibition by thiol-directed reagents, and are not readily reversible. The menthol dehydrogenase showed a pH optimum at 7.5, exhibited a Km for 1-menthone of about 2.5 x 10' M, and also reduced disomenthone to d-neoisomenthol. The neomenthol dehydrogenase showed a pH optimum at 7.6, exhibited a K. for I-menthone of about 2.2 x 10' M, and also reduced d-isomenthone to d-isomenthol. These stereochemically distinct, but otherwise similar, enzymes are of key importance in determining the metabolic fate of menthone in peppermint, and they are probably typical of the class of dehydrogenases thought to be responsible for the metabolism of monoterpene ketones during plant development.
of the menthol dehydrogenase with the acetyl transferase and that of the neomenthol dehydrogenase with the glucosyl transferase. Soluble enzyme preparations, but not particulate preparations, from mature peppermint leaves catalyzed the NADPH-dependent reduction of 1-menthone to both epimeric alcohols, and the two dehydrogenases responsible for these stereospecific transformations were resolved by affinity chromatography on Mitrex Gel Red A. Both enzymes have a molecular weight of approximately 35,000, possess a Km for NADPH of about 2 x 10' M, are very sensitive to inhibition by thiol-directed reagents, and are not readily reversible. The menthol dehydrogenase showed a pH optimum at 7.5, exhibited a Km for 1-menthone of about 2.5 x 10' M, and also reduced disomenthone to d-neoisomenthol. The neomenthol dehydrogenase showed a pH optimum at 7.6, exhibited a K. for I-menthone of about 2.2 x 10' M, and also reduced d-isomenthone to d-isomenthol. These stereochemically distinct, but otherwise similar, enzymes are of key importance in determining the metabolic fate of menthone in peppermint, and they are probably typical of the class of dehydrogenases thought to be responsible for the metabolism of monoterpene ketones during plant development. appears to be a common feature of maturing essential oil plants. In peppermint, the metabolic disposition of the diastereomeric reduction products of 1-menthone is highly specific in that only 1-menthyl acetate (with little d-neomenthyl acetate) and d-neomenthyl-,f-D-glucoside (with little l-menthyl-fi-D-glucoside) are formed (6, 12) . In vivo experiments, using labeled CO2, menthone, menthol and neomenthol as precursors, provided compelling evidence that compartmentation effects, and not the substrate specificity of the transferases, were responsible for the selectivity of pathways observed; this conclusion was confirmed by isolation and characterization of the acetyl CoA:monoterpenol acetyltransferase and the UDP-glucose:monoterpenol glucosyltransferase involved (5, 18) . The nature of the terpenyl moiety of the acetate and ,B-D-glucoside is, thus, determined at the menthone reduction step by compartmentation of these stereospecific reactions with the appropriate, relatively nonselective, transferase. Consistent with chemical considerations (15) and with earlier genetic studies (13, 19) , such a metabolic scheme requires the presence in peppermint of two stereochemically distinct dehydrogenases. The NADPH-dependent conversion of d-pulegone to menthol (presumably via menthone) by extracts of peppermint leaves has been detected by Loomis and coworkers (3) , suggesting the existence of one of the necessary enzymes. In this communication, we describe in detail the separation and characterization of the two dehydrogenases which catalyze the NADPH-dependent reduction of 1-menthone to i-menthol and d-neomenthol, respectively.
MATERIALS AND METHODS
The metabolism of 1-menthone in maturing peppermint leaves has been shown to involve the reduction of this monoterpene ketone to i-menthol, some of which is subsequently acetylated, and to d-neomenthol, most of which is glucosylated and transported to the rhizome ( Fig. 1) (6, 12, 18 Finely powdered (NH4)2SO4 was added to the 105,000g supernatant (at 0-4°C) over a period of 30 min until 30%o saturation (0.176 g/ml) was obtained. Precipitated protein was removed by centrifugation at 27,000g (10 min), and the supernatant was brought to 80%1o saturation with (NH4)2SO4 (0.561 g/ml), as before.
Precipitated protein was collected by centrifugation (27,000g, 10 min) and resuspended in 4 to 5 ml of 50 mm Na-phosphate buffer (pH 7.5) containing 5% (w/v) sorbitol, 50 mm Na2S205, 15 mm mercaptoethanol, and 10 mm Na-ascorbate. The suspended material, after dialysis against the same buffer for several h, was recentrifuged (27,000g, 10 min) to remove denatured protein, and then it was applied to a Sephadex G-100 column (2.5 x 100 cm) previously equilibrated with 50 mm Na-phosphate buffer (pH 7.5) containing sorbitol and mercaptoethanol, as above. Proteins were eluted (-0.9 ml/min, 5.4-ml fractions) while monitoring the column effluent at 280 nm. Fractions containing dehydrogenase activity (menthol-specific and neomenthol-specific activities were essentially coincident) were combined and concentrated by ultrafiltration (Amicon PM-10), and, when utilized at this stage of neomenthol was negligible, while, in the presence of NADPH (0.6 mM), the rate of neomenthol formation by the 105,000g supernatant preparation approached 12 nmol/h. NADH (0.6 mM) was a far less effective reductant, affording a rate of neomenthol formation of about 1.7 nmol/h under identical assay conditions. Similar analysis of menthol formation in the absence of pyridine nucleotide showed that radioactivity was present in the menthol region on TLC assay (equivalent to 3.5 nmol/h). However, radio-GLC of this fraction showed that only a small quantity of authentic [3H]menthol was actually present (equal to 1.1 nmol/h) and that the bulk of the radioactivity of this fraction did not elute from the column under the conditions of analysis. As the polarity of this unknown material was similar to that of menthol on TLC (silica gel), a higher mol wt contaminating species was indicated.
In the presence of NADPH (0.6 mM), the rate of menthol synthesis from the labeled ketone increased to 16 nmol/h, while, with the same concentration of NADH, a rate of 2 nmol/h was noted (in each case the TLC-isolated menthol fraction was subjected to radio-GLC, which was externally calibrated to provide quantitative analysis of [3H]menthol production). By this means, the conversion of menthone to menthol and neomenthol was demonstrated to be NADPH-dependent, while formation of the unknown product(s) did not require pyridine nucleotides and was not influenced by the presence of these cofactors. Boiled controls were incapable of synthesizing any of the aforementioned products. The quantity of the contaminating substance formed by the soluble enzyme fraction varied from preparation to preparation and with reaction conditions, and we were unable to separate this unidentified material from the products of interest by TLC techniques or simple derivatization procedures. Additionally, we could not fully resolve the responsible activity from the enzyme of interest by the protein fractionation techniques employed. Therefore, it was necessary to run the appropriate controls (without NADPH), with additional radio-GLC verification ofthe authentic product, and to apply the needed corrections to each assay for menthol synthesis. Attempts to circumvent the problem for routine Figure 2 illustrates the elution pattern of the dehydrogenase activities measured by the reduction of 1-[3HJmen-thone in the presence of NADPH, and it indicates that the two activities for the synthesis of diastereomeric alcohols were coincident. Calibration of the column with protein standards provided a mol wt for the dehydrogenases of about 35,000 (i.e. activity eluted slightly after ,B-lactoglobulin). Although the gel permeation step did not resolve the dehydrogenases, this procedure did remove a portion of the activity responsible for the formation of the menthol-like contaminant (some 20-30%o of this activity was removed; however, corrections for menthol synthesis were still required). The pooled dehydrogenase fractions (Nos. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] ) from the Sephadex G-100 step (in 50 mm Na-phosphate buffer [pH 7.5] containing 5% [w/v] sorbitol and 15 mm mercaptoethanol) were, therefore, concentrated and applied to a column of Matrex Gel Red A (Amicon) that was equilibrated and eluted with the same buffer containing 0.5 mm NADPH. Following elution of the void volume, which afforded both the menthol-specific dehydrogenase and contaminating activity, and an intervening concentration of 0.1 M KC1, buffer containing 2 M KCl was applied to the column to remove the neomenthol-specific dehydrogenase (Fig. 3 ). This step-gradient technique was adapted from a linear gradient elution procedure in which the menthol-specific dehydrogenase, essentially free of the neomenthol-specific dehydrogenase, and the neomenthol-specific dehydrogenase, essentially free of mentholspecific dehydrogenase, could be obtained. However, this procedure was abandoned in favor of the step-gradient method, because the time involved in running the linear gradient and desalting each fraction before assay resulted in considerable loss of dehydrogenase activity. The menthol-specific dehydrogenase was particularly labile, suffering greater loss of activity on handling and storage than did the neomenthol-specific dehydrogenase, a problem which precluded further attempts to separate this enzyme from contaminating activities. While the affmity chromatographic separation was not without difficulty (40-60% loss of activity), this technique clearly demonstrated that two distinct, stereoselective dehydrogenases, which utilized 1-menthone as substrate, were present in the peppermint leaf extract. All subsequent studies were carried out with the Sephadex G-100 purified preparation, or, when necessary, with the separate enzymes obtained by affinity chromatography.
Effect of Time, Protein Concentration, and pH. The rate of conversion of 1-menthone to i-menthol or d-neomenthol increased linearly with time up to at least 90 min at the 100 lg/ml protein level for both Sephadex G-100-and affinity chromatographypurified preparations, and all measurements of enzyme activity were made under these linear conditions.
The neomenthol-specific dehydrogenase exhibited a pH optimum at 7.6 (half maximal activities at pH 6.3 and 9.5) when examined in citrate-phosphate-borate buffer (50 mM) containing 5% (w/v) sorbitol and 15 mm mercaptoethanol. In the same buffer, the menthol-specific dehydrogenase showed an optimum at 7.0, with half maximal activities at pH 5.6 and 8.0. In 50 mm Naphosphate buffer (same additions as above), the pH optimum of the neomenthol-specific enzyme remained unchanged, while that of the menthol-specific enzyme shifted to pH 7.5 (Fig. 4) , from which Km values of 2.2 x 10-5 M (neomenthol-specific) and 2.5 X l0-4 M (menthol-specific) were determined. Under identical conditions (i.e. the Sephadex G-100-purified preparation), and at a saturating level of NADPH (0.6 mM), the relative velocities were 15 and 20 nmol/h *mg protein, respectively (Fig. 4) solution, the observed values should be taken with the usual precautions.
The ketone d-isomenthone (1R:4R, epimeric with 1-menthone at the isopropyl-substituted carbon) is also a component of peppermint oil (3.5%, compared to -25% menthone in a commercial oil sample [14] (Fig. 1) , which are minor constituents of peppermint oil (22) . Because it seemed likely that the present dehydrogenases could also account for the presence of isomenthol and neoisomenthol in peppermint oil, d-[G-3Hlisomenthone was prepared and tested as a substrate with the enzymes separated by Matrex Gel Red chromatography. The menthol-specific enzyme reduced d-isomenthone to d-neoisomenthol, while the neomenthol-specific enzyme reduced d-isomenthone to d-isomenthol. Thus, as anticipated on the basis of chemical (15) adfd genetic considerations (13, 19) , the ketone carbonyl was consistently reduced to the 3R alcohol configuration in one instance and to the 3 S configuration in the other. Rates of isomenthone reduction were comparable to those of menthone reduction in both cases (within 15% under saturating conditions), indicating that the orientation of the isopropyl substituent had little influence on the reactions.
To examine the question of substrate specificities in greater detail, the effect of various substrate analogs on the reduction of l-[G-3H]menthone was examined. At twice the concentration of 1-menthone, the following compounds inhibited i-menthol and dneomenthol synthesis, respectively, by the indicated amounts: djl-4-methyl-2-isopropylcyclohexanone(diequatorial), 9%lo and 14%; d,l-5-methyl-2-propylcyclohexanone(diequatorial), 65% and 61%; d,l-5-methyl-3-isopropylcyclohexanone(diequatorial), 32% and 63%; d-pulegone, 34% and 48%; d-piperitone, 13% and 45%; and 1-carvone, 20o and 6%. Although significant differences in inhibition between the two enzymes were noted, the data do suggest reasonably broad specificities for substituted cyclohexanones and cyclohexenones. Thus, the enzymes described here, while clearly responsible for catalyzing the two key reductions in the metabolism of l-menthone in peppermint (Fig. 1) , are also likely to be responsible for the formation of menthol stereoisomers from disomenthone and, perhaps, of other minor alcohol constituents of the oil, such as isopulegol and carveol (9, 22) .
The distinguishing feature of these dehydrogenases is their stereospecificity. In other characteristics, they are rather similar, and they are probably typical of enzymes likely to be present in other species where the reduction of monoterpene ketones is a characteristic feature of development (7, 8, 10, 11, 20, 21) . Although the enzymes reported here are theoretically dehydrogenases (i.e. oxidoreductases), their observed apparent equilibria favor reduction. In this and in virtually all other properties (pH optimum, cofactor preference, mol wt, response to thiol-direct reagents, etc.), they resemble the general class of cytoplasmic keto reductases that are very widespread in nature (1) .
With the present work and the earlier studies (5, 18) , all of the key enzymes of l-menthone metabolism in peppermint leaf have been demonstrated, partially purified, and characterized. All of these enzymes are operationally soluble under the conditions of our isolation procedures, which raises an obvious question regarding the physical basis for the compartmentation of pathways that is necessarily operative in the metabolism of menthone in peppermint leaves (6, 18) . This important issue, which has only recently been resolved, will be addressed in a subsequent communication.
